Positron emission tomography (PET)/computed tomography (CT) using sodium [ 18 F]fluoride (Na[ 18 F]F) has been proven to be a promising hot-spot imaging modality for myocardial infarction (MI). We investigated Na[ 18 F]F uptake in ischemia-reperfusion injury (IRI) of rats and humans. Sodium [ 18 F]fluoride PET/CT was performed in Sprague-Dawley rats that had IRI surgery, and it readily demonstrated prominent Na[ 18 F]F uptake in the infarct area post-IRI. Sodium [ 18 F]fluoride uptake was matched with negative 2,3,5-triphenyl-2H-tetrazolium chloride staining results, accompanied by myocardial apoptosis and associated with positive calcium staining results. Furthermore, area at risk was negative for Na[ 18 F]F uptake. Cyclosporine A (CysA) treatment reduced standardized uptake value of 18 F over the infarct area, and a significant decrease in infarct size was also observed by the CysA treatment. In humans, Na[ 18 F]F PET/CT readily demonstrated increased Na[ 18 F]F uptake in the 2 patients with MI postpercutaneous coronary intervention. In conclusion, this study sheds light on the potential utility of Na[ 18 F]F PET/CT as a hot-spot imaging modality for myocardial IRI.
Introduction
Sodium [ 18 F]fluoride (Na[ 18 F]F) uptake on positron emission tomography (PET)/computed tomography (CT) has been shown to be useful for imaging of vascular calcification. 1 Ion exchange between the fluoride ions and the hydroxyl group of hydroxyapatite crystals has been believed to be the major mechanism for Na[ 18 F]F uptake in the calcified atherosclerotic area. 1, 2 Macrocalcification of the coronary vasculature, which is usually visualized with CT, is the hallmark of long-term cardiovascular mortality, 3 whereas microcalcification of a vulnerable coronary atherosclerotic plaque, which is assessed with Na[ 18 F]F PET/ CT, appears to be a risk factor for acute myocardial infarction (MI). 4 The identification of vulnerable coronary plaques is one of the main research subjects in modern cardiology; therefore, Na[ 18 F]F PET/CT is a promising noninvasive modality for screening patients at high risk of fatal cardiovascular diseases. 5, 6 In a previous study, Na [ 18 F ]F uptake was demonstrated in MI. 7 In this previous study, myocardial apoptosis was found to be closely associated with Na[ 18 F]F uptake in a rat model of permanent coronary ligation, whereas calcium was not related to Na[ 18 F]F uptake. Therefore, the uptake mechanism of Na[ 18 F]F might be more complex in MI than in atherosclertoic diseases, and these mechanisms need to be elucidated in order to widely use Na[ 18 F]F PET/CT for human cardiovascular diseases.
The present study aimed to investigate whether Na[ 18 F]F PET/CT can be used for imaging of ischemia-reperfusion injury (IRI) in a rat IRI model and in human MI cases after primary percutaneous coronary intervention (PCI). The traditional rat MI model was also employed as a reference to the rat IRI model. However, in the present study, we mainly focused on IRI because a rat MI model generated through permanent coronary ligation may not adequately reflect the clinical situations of most human MI cases that accompany some degree of reperfusion injury from thrombolysis or primary PCI. 8 
Materials and Methods

Rats
Eight-week-old male Sprague-Dawley rats (350 + 10 g) were used throughout the study. For the IRI experiment, 28 rats were used for PET/CT imaging and subsequent histology (n ¼ 10), autoradiography and histology (n ¼ 5), area-at-risk assessment (n ¼ 5), and CysA/saline effects evaluation (n ¼ 8), respectively. For the MI experiment, 8 rats underwent the surgery and were evaluated for dynamic PET/CT imaging (n ¼ 3) and histology (n ¼ 5). The rats were cared for in a temperatureand humidity-controlled animal dedicated facility, which was accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. The animal experiment protocol was reviewed and approved by the institutional animal welfare committee.
Rat IRI
For the IRI surgery, after anesthesia induction with 0.3 mL of a 3:2 (vol/vol) mixture of tiletamine-zolazepam intraperitoneally, rats were intubated and maintained under ventilation (model 683, Harvard Apparatus, South Natick, Massachusetts) with oxygen supply at 2 to 5 L/min. The left anterior descending coronary artery was ligated for 35 minutes at the level of auricular appendage using a 4-0 silk suture and then released for 24 hours till the PET/CT study. Five minutes prior to the ligation removal, cyclosporine A (CysA; Sandimmun INJ, Novartis) at a dose of 10 mg/kg was injected through the tail vein to see whether the treatment effect can be monitored using the Na[ 18 F]F PET/CT. Ischemia-reperfusion injury rats for control had normal saline injection at the same volume with CysA injection (Supplemental Figure S1 ).
Rat MI
The MI rat model was generated via permanent ligation of the left anterior descending coronary artery. The MI rats were used for the determination of the optimal imaging time for Na[ 18 F]F PET/CT (Supplemental Figure S2 ) and histological comparison with IRI. Other experimental conditions for MI were the same with those for IRI.
Sodium [ 18 F]fluoride PET/CT in Rats
Sodium [ 18 F]fluoride PET/CT was performed 24 hours after IRI using an animal-dedicated PET/CT scanner (NanoPET/ CT, Mediso, Budapest, Hungary). During PET/CT imaging, the temperature was maintained at 37 C, and inhalation anesthesia (2%-3% of isoflurane in 2-5 L/min of oxygen) was applied to the rats using a specialized animal-holding station (Minerva system, Mediso). Sodium [ 18 F]fluoride was produced using an in-house 13-MeV cyclotron (Kotron13, Samyoung Unitech, Yongin-si, Gyeonggi-do, South Korea), and the injected dose was 11.1 to 18.5 MBq. The PET parameters were as follows: field of view per bed, 94.7 mm; acquisition coincidence mode, 1 to 5; energy window, 400 to 600 keV; and coincidence window, 5 ns. The PET images were reconstructed using the following parameters: reconstruction algorithm, 3-dimensional expectation-maximization; image matrix, 110 Â 110 Â 234; and voxel size, 0.4 Â 0.4 Â 0.4 mm. The spatial resolution of the PET images was 1.2 mm. Computed tomography images were obtained using the following parameters: projection number, 240; pitch, 1; tube voltage, 55 kVp; tube current, 145 mA; exposure, 28.0 mA; and exposure time, 1100 ms. Iodinated contrast agent (Ultravist370, Bayer, Leverkusen, Germany) was infused during the CT image acquisition (3 mL/10 min). Computed tomography images were reconstructed using the following parameters: filter, Butterworth; matrix, 332 Â 332 Â 473; and voxel size, 0.2116 Â 0.2116 Â 0.2116 mm. The CT resolution was 48 mm. The reconstructed PET/CT images were analyzed using quantitative software (PMOD version 3.508, PMOD Technologies, Zurich, Switzerland). Sodium [ 18 F]fluoride uptake was quantitated with the standardized uptake value (SUV) over the infarct area, which was calculated as follows:
SUV ¼ ðdecay À corrected activity in kBq=ccÞ Â ðweight in gramÞ injected activity in kBq Polar map images were produced using image analysis software (Carimas 2.8; Turku PET Centre, Turku, Finland), and a 17-myocardial segment model was employed.
2,3,5-Triphenyl-2H-Tetrazolium Chloride Staining
After PET/CT image acquisition, the rats were euthanized, and the abdomen was opened. Normal saline (30 mL) was then infused through the inferior vena cava to flush out blood, 2% solution of 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) was infused (30 mL) through the ascending aorta into the left ventricle, and the hearts were harvested. The hearts were incubated for 1 hour at 37 C in 4% paraformaldehyde (PFA), with light protection. The hearts were then sectioned into 1-mm-thick slices using a slicer (Zivic Instruments, Pittsburgh, Pennsylvania), and the myocardial slices were scanned using a flat-bed scanner (G4010; Hewlett-Packard, Palo Alto, California). The percentage infarct size (100 Â TTC-negative area/whole myocardial area) was measured with planimetry over the distal 3 myocardial rings, excluding the first apical myocardial ring. Image analysis software (Image J, 1.45S, NIH, Bethesda, Maryland) was used for the planimetric analysis.
Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Assay
Myocardial apoptosis was evaluated with the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay using a commercialized kit (In Situ Cell Death Detection kit, POD, Roche Diagnostics Co, Mannheim, Germany). The TTCstained myocardial slices were cut into 4-mm-thick sections. After deparaffinization, washing in a graded series of ethanol, and rehydration, the sections were fixed in 4% PFA in phosphate-buffered saline (PBS) for 15 minutes. After incubation with proteinase K solution at room temperature, equilibrium buffer was applied to the sections. The terminal deoxynucleotidyl transferase (TdT) reaction mix was then applied for 60 minutes at 37 C in a humidified chamber. The reaction was stopped by applying Â2 saline-sodium citrate buffer for 15 minutes. The sections were washed in PBS, 0.3% hydrogen peroxide for 5 minutes, and then PBS. Streptavidin-horseradish peroxidase conjugate (Roche Diagnostics Co) was applied at room temperature for 30 minutes, and then, 3,3 0 -diaminobenzidine (Roche Diagnostics Co) staining was performed. The sections were immersed in deionized water and then mounted.
Calcium Staining
Von Kossa staining was performed over the 4-mm-thick myocardial slices. A 5% silver nitrate solution was applied, and the slices were exposed to a 60-W lamp for 1 hour. After washing the slices thrice with distilled water, 5% hypo was applied. The slices were then washed again and were mounted.
Histone-1 Expression
The histone-1 targeting peptide (ApoPep-1) has been shown to be useful for evaluating apoptosis. 9 It was conjugated with a red fluorescent dye (AHR-553, BioActs, Incheon, South Korea), and the dye-conjugated peptide (excitation and emission wavelengths of 561 nm and 589 nm, respectively) was intravenously injected (100 nmol) 2 hours before the rats were killed. Onemm-thick myocardial rings were imaged using a fluorescence imaging system (Lumina II, Perkin-Elmer, Waltham, Massachusetts) at 535 nm excitation and 583 nm emission.
Autoradiography
The 1-mm-thick myocardial rings from the TTC-stained heart that was harvested after Na[ 18 F]F injection (dose, 11.1-18.5 MBq) were exposed to phosphor imaging plates for 20 to 24 hours, and the exposed plates were scanned using a laser scanning system (Typhoon FLA 7000, GE Healthcare, Waukesha, Wisconsin). The scanning condition was photomultiplier tube ¼ 1000, pixel size ¼ 25 mm, and L4.
Evaluation of the Area-at-Risk for Na[ 18 F]F Uptake
Rats underwent the IRI procedure involving ischemic injury for 35 minutes (Supplemental Figure S1 ). At 35 minutes from coronary ligation, the coronary ligature was loosened enough for reperfusion but was not completely removed in order to evaluate the area-at-risk from IRI. After 24 hours, Na[ 18 F]F was intravenously injected (dose, 11.1-18.5 MBq), and the thoracic cage was reopened. The coronary ligature was tightened to achieve reocclusion of coronary flow. Then, a retrograde injection of 2 mL of Evans-blue dye (3% [wt/vol] mixture of PBS, Sigma-Aldrich, St Louis, Missouri) was delivered into the left ventricle though the ascending aorta. The heart was immediately harvested and stored at À20 C for 1 hour. Using a slicer (Zivic Instruments), the frozen heart was sliced into 1-mm-thick myocardial rings. The myocardial slices were immersed in freshly prepared 2%TTC solution at 37 C for 20 minutes. After fixation with 4% PFA for 80 minutes, the slices were scanned using a flat-bed scanner (G4010, Hewlett-Packard) and were placed on a phosphor imaging plate for 20 to 24 hours. A laser scanner (Typhoon FLA 7000, GE Healthcare) was used to identify the Na[ 18 F]F signal at the area at risk.
Patients With IRI
The study included 2 patients with MI ( Table 1 ). The 2 patients were confirmed with MI based on clinical, biochemical, and angiographic (total occlusion by thrombus) results. Primary PCI was performed in the patients, and drug-eluting stents were successfully inserted at the culprit vessels after thrombus 
Results
Sodium [ 18 F]fluoride PET/CT Findings in Rat IRI
Positron emission tomography images were obtained for 30 minutes from 60 minutes post-injection. This time was determined through dynamic Na[ 18 F]F PET/CT studies that showed the uptake plateau at 60 minutes post-injection of Na[ 18 F]F in MI with permanent coronary ligation (n ¼ 3; Supplemental Figure S2 ). Using the optimized protocol, the prominent uptake of Na[ 18 F]F was readily observed in the myocardium of left ventricle 24 hours post-IRI in all the rats investigated (n ¼ 10; Figure 1 ) and the subsequent ex vivo PET/CT imaging of myocardial slices revealed that Na[ 18 F]F uptake was present in TTC-negative and TUNEL-positive areas (Figure 2A ). Furthermore, autoradiography showed that the infarct sites were positive for Na[ 18 F]F uptake, negative for TTC staining, and positive for histone-1 expression (n ¼ 5 rats; Figure 2B ). However, the area-at-risk that showed negative Evans-blue staining (due to blood flow impairment) and positive TTC staining (noninfarct) was negative for Na[ 18 F]F uptake in other 5 rats that tested ( Figure 2C ). Calcification was found in the TTC-negative area of the IRI rats (reperfused MI); however, the TTC-negative area of MI rats with permanent coronary ligation was negative for calcium staining (nonreperfused MI) in all the rats that were ever tested ( Figure 2D ). 7 Myocardial apoptosis, which was identified with positive histone-1 expression and TUNEL staining, was often found in the area at risk adjacent to a TTC-negative infarct in the IRI model but not in the MI model (arrows in Figure 2D ).
Monitoring of Therapeutic Efficacy Using Na[ 18 F]F PET/CT
Cyclosporine A was intravenously injected through the tail vein 5 minutes prior to ligation removal in order to ameliorate the reperfusion injury (Supplemental Figure S1 ; n ¼ 4 rats). 10 Normal saline was used as a control (n ¼ 4 rats). Sodium [ 18 F]fluoride uptake in the IRI area appeared prominent and distinct in the saline group, and substantially reduced in the CysA group (Figure 3) . The quantitation of Na[ 18 F]F uptake in the infarct showed that the SUV was significantly lower in the CysA group than in the saline group ( Figure 3 ). The remote myocardium was also assessed for SUV change after CysA administration (Supplemental Figure S3 ). No SUV change was observed in the remote myocardium before and after CysA administration (0.34 + 0.07 vs 0.34 + 0.09; P ¼ .7728 by the Mann-Whitney U test).
Sodium [ 18 F]fluoride PET/CT Findings in Human IRI
The study included 2 male patients who had undergone PCI for acute MI before Na[ 18 F]F PET/CT ( Table 1 ). The first patient was a 52-year-old man with ST-segment elevation MI (STEMI). Thrombosuction and drug-eluting stent insertion effectively reduced his chest pain. The time from chest pain onset to reperfusion therapy was estimated to be 4 hours. One day later, echocardiography revealed severe hypokinesia in the apico-mid antero-septal wall and apico-mid anterior wall. Sodium [ 18 F]fluoride PET/CT was performed on day 2 after PCI (47 hours after reperfusion therapy). Increased uptake of Na[ 18 F]F was noted in the anterior and anteroseptal walls ( Figure 4A and B) . Additionally, the polar map clearly demonstrated increased Na[ 18 F]F uptake in the left anterior descending coronary artery territory with an SUVmax of 1.6 ( Figure 4C ). The second patient was a 57-year-old man with non-STEMI. In this patient, immediately after the thrombus suction procedure, abciximab was injected (0.25 mg/kg IV bolus administration, and then 0.125 microgram/kg/min IV continuous infusion for 12 hours) to reduce reperfusion injury from distal embolism during thrombosuction. Balloon dilatation was then performed. His chest pain subsided soon after PCI, and the time from chest pain onset to reperfusion therapy was 3 hours. On the next day, echocardiography revealed hypokinesia in the mid-basal inferior wall. Sodium [ 18 F]fluoride PET/CT was performed on the same day of PCI (11 hours after reperfusion therapy). Increased uptake of Na[ 18 F]F was noticed in the basal inferior wall ( Figure 4D and E) . A polar map also showed Na[ 18 F]F uptake in the corresponding basal right coronary artery territory with an SUVmax of 1.1 (Figure 4F ). In a control patient (Table 1) , no discernible Na[ 18 F]F uptake was observed in the myocardium (Figure 4G-I) .
Discussion
In the present study, Na[ 18 F]F uptake on myocardial IRI was readily demonstrated in both rats and humans using PET/CT. The myocardial infarct, identified as a TTC-negative area, always showed corresponding Na[ 18 F]F uptake, whereas the area at risk was negative for Na[ 18 F]F uptake. Therefore, Na[ 18 F]F PET/CT played a role as a hot-spot imaging modality for myocardial IRI, with in vivo Na[ 18 F]F uptake being a surrogate of ex vivo TTC staining. In addition, myocardial apoptosis and calcification were also found to be associated with Na[ 18 F]F uptake in the IRI myocardium. It was interesting to find the differences in the underlying histopathology between reperfused infarct from the IRI model and nonreperfused infarct from the MI model (permanent coronary ligation), because calcium accumulation was never observed in MI but appeared prominent in IRI using the same rat model ( Figure 2D ). 7 The amount of accumulated calcium might be greater in the IRI, above the detection threshold for Von Kossa staining method, than in the MI, below the threshold. Reperfusion might have increased the delivery of calcium particularly to the infarct border zone, which was readily appreciated by the peripheral uptake pattern of calcium staining and Na[ 18 F]F autoradiography ( Figures 2B-D) . These findings are reminiscent of "doughnut sign" of 99m Tc-phosphate scintigraphy with central photon defect in MI. 11 Therefore, the myocardial injury by the IRI (ischemic plus reperfusion injury) may be different from that by the MI (ischemic injury alone). Furthermore, the noninfarcted myocardium adjacent to the TTC-negative infarct area sometimes showed evidence of myocardial apoptosis in the IRI model, which was not observed in the MI model ( Figure 2D ).
When it comes to the clinical application of Na[ 18 F]F PET/CT, the history of 99m Tc-phosphates is worthy of commenting. There have been many reports about the hot spot imaging of infarcted tissue using a variety of 99m Tcphosphates, but the peak uptake of 99m Tc-phosphates was often delayed as late as 12 to 24 hours post-infarction. 12, 13 Moreover, the 99m Tc-phosphates uptake would not last long enough for the infarct size to be stably measured. 12, 14 We believe that one possible clinical application of Na[ 18 F]F PET/CT lies in the monitoring of the preventive effects for reperfusion injury, thereby discriminating ischemic injury from reperfusion injury (Figure 3 ). 15, 16 Positron emission tomography/CT readily showed a decrease in Na[ 18 F]F uptake in the myocardium after CysA administration in conjunction with a reduction in the infarct size. The preventive efficacy of CysA for reperfusion injury was identified using PET/CT, along with the SUV, which is a clinically proven quantitative parameter. The difference in Na[ 18 F]F uptake before and after CysA treatment may represent the amount of myocardium at risk of reperfusion injury (rescued by CysA), whereas the remaining Na[ 18 F]F uptake after CysA administration may reflect the magnitude of genuine ischemic injury free from reperfusion injury (assuming complete prevention of reperfusion injury by CysA). 10, 17 If Na[ 18 F]F PET/CT were routinely performed after CysA treatment, the Na[ 18 F]F uptake might be useful for prognosis prediction, as a final integrated result of the original ischemic injury and the unprotected reperfusion injury post-CysA. Among our 2 patients who had MI, 1 patient underwent antiplatelet treatment for amelioration of reperfusion injury, and the extent and intensity of Na[ 18 F]F uptake were lower in this patient than in the other patient who did not receive antiplatelet treatment (Figure 4 ). Of course, it is too early to confirm the utility of Na[ 18 F]F PET/CT as an imaging biomarker for human IRI. Nonetheless, a hot-spot imaging modality with quantitative capability would be a useful monitoring tool for the management of IRI.
It is important to note the recent failure of CysA preventive trials for human IRI. 17, 18 Therefore, rat IRI results may not directly extrapolate to human IRI. However, previous experimental studies strongly suggest the usefulness of CysA for A 52-year-old man with ST-segment elevation myocardial infarction (STEMI) in the left anterior descending (LAD) artery territory underwent percutaneous coronary intervention (PCI) in the LAD artery, and Na[ 18 F]F PET/CT was performed 47 hours after PCI. Short-axis (A) and vertical long-axis images (B) showed an increase in Na[ 18 F]F uptake in the anterior and septal walls (arrows). (C) A polar map image showed an increase in Na[ 18 F]F uptake in the apico-mid anterior and apico-mid anteroseptal walls. The SUVmax was 1.6. (D-F) Na[ 18 F]F PET/CT findings with antireperfusion injury therapy. A 57-yearold man with non-STEMI in the right coronary artery (RCA) territory underwent PCI in the RCA and Na[ 18 F]F PET/CT on the same day with an interval of 11 hours. Short-axis (D), vertical long-axis (E) (arrows), and polar map (F) images showed an increase in Na[ 18 F]F uptake in the basal inferior wall. The SUVmax was 1.1. The extent and intensity of Na[ 18 F]F uptake were less severe in this patient (D-F) than those in the LAD patient with STEMI without anti-reperfusion injury therapy (A-C). (G-I) Na[ 18 IRI. [19] [20] [21] [22] [23] [24] Sodium [ 18 F]fluoride PET/CT may facilitate the development of anti-IRI therapy by objectively demonstrating the PCI effect, unveiling the final integrated result of the original ischemic injury and the reperfusion injury post-PCI. Furthermore, the pattern and location of Na[ 18 F]F uptake may provide the cardiologist with valuable information regarding the PCI effect as seen in our results (Figure 3) , which is not possible by only measuring the blood markers of myocardial injury. Further studies are warranted in this regard.
Sodium [ 18 F]fluoride has been shown to be a safe and effective radiopharmaceutical for the detection of bone metastasis in humans, [19] [20] [21] [22] and PET/CT has been shown to be a robust imaging tool, especially for the quantification of imaging biomarkers. [23] [24] [25] The combination of the 2 would pave the way for noninvasive imaging of myocardial injury, and the present study demonstrates the potential usefulness of Na[ 18 F]F PET/CT in the management of IRI.
Conclusion
Ischemia-reperfusion injury was readily visualized in rats and humans using Na[ 18 F]F PET/CT. Sodium [ 18 F]fluoride uptake in the IRI was matched with the TTC-negative infarct. The preventive effect of anti-IRI treatment was noninvasively assessed using the Na[ 18 F]F PET/CT. Sodium [ 18 F]fluoride PET/CT is a promising hot-spot imaging modality for IRI.
